SUMMARY. The purpose of this study was to determine the contribution of muscle afferents and central command in regulating sympathetic nerve activity during static exercise in humans. In 20 healthy subjects, we recorded heart rate, arterial pressure, and efferent sympathetic nerve activity in the leg during arm exercise. Microelectrodes were inserted percutaneously into a fascicle of the peroneal nerve to measure sympathetic discharge to muscle. Measurements were obtained in nine subjects during sustained handgrip (30% maximal voluntary contraction) followed by relaxation or by arrested circulation of the forearm. Heart rate and arterial pressure increased during the first and second minutes of handgrip. Muscle sympathetic nerve activity increased from 261 ± 46 to 504 ± 97 units (mean ± SE; units = burst frequency x amplitude; P < 0.05) during the second minute of handgrip. During forearm ischemia following handgrip, heart rate returned promptly to control, whereas arterial pressure and muscle sympathetic nerve activity (631 ±115 units) remained elevated. In contrast, muscle sympathetic nerve activity returned toward control during relaxation without arrested circulation. These data indicate that muscle sympathetic nerve activity is increased by stimulation of chemically sensitive muscle afferents. To determine the influence of central command on muscle sympathetic nerve activity, we compared responses during ar. involuntary and a voluntary biceps contraction, each at 20% maximal voluntary contraction. Both maneuvers raised arterial pressure, but heart rate increased only during voluntary contraction. More importantly, muscle sympathetic nerve activity rose during involuntary contraction, but fell during voluntary effort. These studies demonstrate that during sustained handgrip in humans, stimulation of chemically sensitive muscle afferents increases muscle sympathetic nerve activity in the leg, and central command causes tachycardia, but inhibits muscle sympathetic outflow in the leg. (Circ Res 57: 461-469, 1985) 
SUMMARY. The purpose of this study was to determine the contribution of muscle afferents and central command in regulating sympathetic nerve activity during static exercise in humans. In 20 healthy subjects, we recorded heart rate, arterial pressure, and efferent sympathetic nerve activity in the leg during arm exercise. Microelectrodes were inserted percutaneously into a fascicle of the peroneal nerve to measure sympathetic discharge to muscle. Measurements were obtained in nine subjects during sustained handgrip (30% maximal voluntary contraction) followed by relaxation or by arrested circulation of the forearm. Heart rate and arterial pressure increased during the first and second minutes of handgrip. Muscle sympathetic nerve activity increased from 261 ± 46 to 504 ± 97 units (mean ± SE; units = burst frequency x amplitude; P < 0.05) during the second minute of handgrip. During forearm ischemia following handgrip, heart rate returned promptly to control, whereas arterial pressure and muscle sympathetic nerve activity (631 ±115 units) remained elevated. In contrast, muscle sympathetic nerve activity returned toward control during relaxation without arrested circulation. These data indicate that muscle sympathetic nerve activity is increased by stimulation of chemically sensitive muscle afferents. To determine the influence of central command on muscle sympathetic nerve activity, we compared responses during ar. involuntary and a voluntary biceps contraction, each at 20% maximal voluntary contraction. Both maneuvers raised arterial pressure, but heart rate increased only during voluntary contraction. More importantly, muscle sympathetic nerve activity rose during involuntary contraction, but fell during voluntary effort. These studies demonstrate that during sustained handgrip in humans, stimulation of chemically sensitive muscle afferents increases muscle sympathetic nerve activity in the leg, and central command causes tachycardia, but inhibits muscle sympathetic outflow in the leg. (Circ Res 57: 461-469, 1985) ISOMETRIC exercise is accompanied by increases in heart rate, arterial pressure, and sympathetic nerve activity (lind, 1964; Debus et al., 1972; lind, 1983; Mitchell and Schmidt, 1983) . Two mechanisms have been implicated in these responses.
The first is a pressor reflex originating in contracting muscle (Alam and Smirk, 1937; Korner, 1952; Asmussen and Nielsen, 1964; Staunton, 1964; Coote et al., 1971; McCloskey and Mitchell, 1972; RoweU et al., 1976; RoweU et al., 1981; lind, 1983; Mitchell and Schmidt, 1983) . This reflex originates in sensory receptors which are sensitive to ischemic metabolites generated during muscular contraction. The reflex has unmyelinated or thinly myelinated afferent fibers (Coote et al., 1971; McCloskey and Mitchell, 1972; Tibes, 1977; Mitchell and Schmidt, 1983) .
A second mechanism for the autonomic adjustments to exercise is central command, which refers to activation of the cardiovascular centers by de-
This manuscript from the University of Iowa was sent to John T. Shepherd, Consulting Editor, for review by expert referees, for editorial decision, and final disposition.
scending central neural pathways involved in initiation of somatomotor activity (Krogh and Lindhard, 1913; Freyschuss, 1970; Goodwin et al., 1972) . The role of central command in the cardiovascular adjustments to exercise was emphasized by Freyschuss (1970) and received support from experiments employing muscle vibration to modulate voluntary effort (Goodwin et al., 1972) .
Thus, there is evidence that muscle afferents and central command both contribute directly to cardiovascular adjustments to static exercise in humans. It also has been suggested that these two mechanisms may interact in producing the autonomic responses (McCloskey and Streatfeild, 1975; Mitchell et al., 1981; lind, 1983; Mitchell and Schmidt, 1983) .
Previous studies of the role and interaction of muscle afferents and central command in humans have focused on heart rate and arterial pressure. In this study, we used microneurography, which permits direct measurement of efferent sympathetic nerve activity in humans (Vallbo et al., 1979; Wallin, 1983) , to evaluate the contribution of muscle affer-ents and central command in control of sympathetic outflow to muscle during static exercise in humans.
The study involved several protocols. First, we compared responses to sustained handgrip with responses to arrested circulation (forearm ischemia) beginning at the end of contraction. Forearm ischemia post-handgrip maintains stimulation of chemically sensitive muscle afferents, whereas relaxation eliminates central command. Second, we compared responses to an involuntary, electrically evoked biceps contraction and a voluntary biceps contraction of the same tension. A difference in responses to these two contractions would relate to the presence of central command during voluntary but not involuntary contraction. Third, to evaluate the effects of activation of muscle mechanoreceptors, we observed responses to tonic vibration of the biceps muscle. Vibration stimulates the primary afferents of muscle spindles (Hagbarth and Eklund, 1966; McCloskey et al., 1972) .
Methods
We recorded heart rate, blood pressure, and efferent muscle sympathetic nerve activity in the leg during arm exercise in healthy human volunteers. A total of 14 men and 6 women, ages 20-56 years, were studied while supine. The studies were approved by the institutional committee on human investigation, and each subject gave informed consent to participate.
We recorded heart rate (electrocardiogram), respiration (pneumograph), blood pressure (sphygmomanometer), force of muscle contraction (dynograph), and sympathetic nerve activity (microneurography).
Microneurography
Multiunit recordings of sympathetic nerve activity were obtained from a muscle fascicle in the right peroneal nerve posterior to the fibular head (Vallbo et al., 1979; Wallin, 1983) . The recordings were made with tungsten microelectrodes 200 jtm in diameter in the shaft, tapering to an uninsulated tip of 1-5 jun.
A reference electrode was inserted subcutaneously 1-3 cm from the recording electrode. The electrodes were connected to a preamplifier with a gain of 1000 and an amplifier with a gain of 50. The neural activity was then fed through a band pass filter with a bandwidth of 700-2000 Hz. For monitoring during the experiment, the filtered neurogram was routed through an amplitude discriminator to a storage oscilloscope and a loudspeaker. For recording and analysis, the filtered neurogram was fed through a resistance-capacitance integrating network (time constant 0.1 second) to obtain a mean voltage display of the neural activity. The mean voltage neurogram was stored, together with the electrocardiogram and respiratory variations, on FM magnetic tape.
There were three criteria for an acceptable recording. First, weak electrical stimulation (1-3V, 0.2 msec, 1 Hz) through the electrode in the peroneal nerve elicited involuntary muscle contraction but not paresthesias. Second, tapping or stretching the muscles or tendons supplied by the impaled fascicle elicited afferent mechanoreceptor discharges, whereas stroking skin in the distribution of the peroneal nerve did not evoke afferent discharges. Third, the neurogram revealed spontaneous, intermittent, pulseCirculation Research/Vol. 57, No. 3, September 1985 synchronous bursts which increased during held expiration and phase 2 and phase 3 of a Valsalva maneuver, characteristic of muscle sympathetic nerve activity (Vallbo et al., 1979; Wallin, 1983) . Evidence that such activity represents efferent sympathetic nerve activity has derived from earlier studies and includes (1) interruption of the activity by local nerve block proximal but not distal to the recording site, (2) elimination of the activity by ganglionic blockade, and (3) conduction velocity approximating 1 m/ sec (Vallbo et al., 1979; Wallin, 1983) . Neurograms which revealed spontaneous activity characteristic of cutaneous sympathetic activity were not accepted. This was assessed by means of an arousal stimulus which elicits bursts of cutaneous but not muscle sympathetic activity. Six subjects were excluded from the protocols because we were unable to obtain satisfactory recordings of muscle sympathetic activity.
Muscle Contraction
In the first series of experiments, subjects performed handgrip (left) at 30% of maximal voluntary contraction (MVC) for 2 minutes, using a Martin's dynamometer (Elmed Inc.). MVC was determined for each subject at the beginning of each experiment. MVC ranged from 1. 10-1.45 KPa.
In the second series, an involuntary static biceps contraction (left) at 20% MVC for 2 minutes was evoked by percutaneous electrical stimulation at 50-100 V, 0.6 msec, and 30-40 Hz using electrodes placed on the skin over the biceps muscle. In this protocol, each subject also produced a voluntary biceps contraction of the same force as the electrically evoked contraction. Maximal voluntary biceps contraction was determined for each subject, with a handgrip dynamometer (Weston dynamometer; Weston Instruments, Inc.).
Subjects avoided a Valsalva maneuver during muscular contraction.
Muscle Vibration
To determine the influence of stimulation of mechanoreceptor afferents of the muscle spindles, we vibrated the left biceps tendon for 30 seconds, using a pneumatic vibrator with a frequency of 100 Hz (Hagbarth and Eklund, 1966; McCloskey et al., 1972) .
Protocols

Series /
The rationale for this protocol was that study of responses to muscle ischemia following handgrip would permit evaluation of the influence of stimulation of chemosensitive muscle afferents without the contribution of central command or mechanosensitive muscle afferents. We measured muscle sympathetic nerve activity (MSA) at rest for 8 minutes to determine the variability in MSA with time. Thereafter, we performed two experimental sequences: (1) control period, sustained handgrip at 30% MVC, and recovery period for 2 minutes each, and (2) control, sustained handgrip at 30% MVC, muscle ischemia following handgrip, and recovery for 2 minutes each. The order of the two sequences was varied. Ten minutes separated each sequence. Muscle ischemia was produced by inflating a pneumatic cuff on the upper arm to suprasystolic levels 5 seconds before the end of handgrip; after the cuff was inflated, the subjects were instructed to relax the grip. In five subjects, we also observed responses to inflation of the pneumatic cuff on the upper arm for 6 minutes without a preceding handgrip; this was performed to exclude the possibility that inflation of the pneumatic cuff alone was producing a reflex response.
Series II
The rationale for these experiments was that involuntary contraction would involve muscle afferents but not central command, whereas voluntary contraction would involve both. We reasoned that a difference in responses to involuntary vs. voluntary contractions of the same force would relate to the contribution of central command with voluntary contraction. We compared responses to involuntary and voluntary biceps contractions of the same force. The experimental sequences were as follows: (1) control, involuntary biceps contraction, and recovery for 2 minutes each, and (2) control, voluntary biceps contraction, and recovery for 2 minutes each. The order of the two sequences was varied, and the two interventions were separated by 10 minutes.
Series III
To determine the effects of stimulating mechanoreceptors, we studied responses to muscle vibration which activates the primary afferents of the muscle spindles. We measured heart rate and MSA responses to vibration of the left biceps tendon for 30 seconds.
Analyses
The mean voltage neurogram, electrocardiogram, and respiratory movements were displayed on a physiological recorder (Mingograph 800, Siemeus-Elema Ltd., or Gould 2800S), recorded at a paper speed of 5 mm/sec. Sympathetic bursts were identified by inspection of the mean voltage neurogram and expressed as bursts/min and bursts/100 heart beats. The amplitude of each burst was also determined by inspection. Total muscle sympathetic activity calculated as bursts/min x mean burst amplitude and expressed in arbitrary units was calculated using a light pen and digitizing tablet. In a systematic evaluation of 19 consecutive records obtained during this project, we found that intraobserver variability (ALM) in identifying bursts averaged 4.3% with a range of 0-24%; the variability exceeded 7.5% in only one record. The interobserver variability (ALM vs. BGW) in 11 consecutive records averaged 9.1% with a range of 1-25%; in only one record did the interobserver variability exceed 12%.
Mean arterial pressure was calculated as diastolic pressure plus one-third of pulse pressure. The measurements of Wood pressure were obtained during the last half of each minute; values for sympathetic activity reflect the entire activity for each minute.
Statistical analysis was performed using analysis of variance and Bonferroni method for multiple comparisons. Values of P < 0.05 were considered significant. Results are expressed as mean ± SE.
Results
Series 1
Resting Muscle Sympathetic Nerve Activity
In the absence of experimental interventions, MSA during consecutive two minute intervals averaged 24.7 ± 3.2, 244 ± 3.3, 23.6 ± 2.8, and 25.1 ± 3.5 bursts/min, respectively. None of these values differed significantly from the others.
Responses to Sustained Handgrip (Figs. 1 and 2 and Tables 1 and 2)
Heart rate and arterial pressure increased significantly (P < 0.05) during the first and second minutes of handgrip. In contrast, MSA expressed as bursts/ min or total activity did not change during the first minute. MSA expressed as bursts/100 heart beats tended to decrease during the first minute of handgrip. During the second minute of handgrip, MSA increased significantly (P < 0.05 toward control during recovery period, i.e., relaxation without arrested circulation.
Responses to Muscle Ischemia Post-Handgrip (Fig. 2 and Table 2)
When the circulation to the exercising arm was arrested and the handgrip ended, heart rate returned promptly to control values, but arterial pressure and MSA remained significantly (P < 0.05) increased. Indeed, MSA expressed as bursts/min or total activity tended to be higher during muscle ischemia than it was during the second minute of handgrip. MSA expressed as bursts/100 heart beats increased significantly (P < 0.05) during the transition from the handgrip to post-handgrip muscle ischemia.
Two subjects experienced pain in the forearm during muscle ischemia and two others experienced mild paresthesias. However, there was no correlation between pain and the increased MSA during muscle ischemia, since MSA was increased during muscle ischemia in all nine subjects, and only two subjects experienced pain. Moreover, some of the most striking increases in MSA occurred in the five subjects who did not experience pain or paresthesias.
Responses to Inflation of Pneumatic Occluding Cuff
Inflation of the pneumatic cuff on the upper arm for 6 minutes without a preceding handgrip in five of the subjects did not alter arterial pressure or heart rate, and did not increase MSA. MSA averaged 20.9 ± 3.6 bursts/min in the control period, 19.0 ± 3.9 and 13.8 ± 2.7 bursts/min during the second and sixth minutes of arrested circulation, and 21.7 ± 1.9 bursts/min during the recovery period.
Series 2
Responses to Involuntary vs. Voluntary Sustained Biceps Contractions (Fig. 3 and Table 3) Evoked involuntary biceps contraction at 20% MVC produced by percutaneous electrical stimulation of the biceps muscle significantly increased MSA and arterial pressure (P < 0.05), but did not increase heart rate.
In contrast, voluntary biceps contraction at 20% MVC in the same subjects significantly increased heart rate and arterial pressure (P < 0.05), but decreased MSA (P < 0.05).
There was a significant difference in the heart rate and MSA responses with involuntary vs. voluntary Entries are mean ± SE for nine subjects. Values for total MSA are expressed in arbitrary units.
• P < 0.05 vs. control values. contraction: heart rate increased significantly more (P < 0.05) with voluntary contraction, whereas MSA increased significantly more (P < 0.05) with involuntary contraction.
Series 3
Responses to Vibration of Biceps Tendon
In nine subjects, muscle vibration for 30 seconds did not alter heart rate or MSA. Heart rate averaged 69.9 ± 3.8, 71.0 ± 3.6, and 71.9 ± 3.5 beats/min during control, vibration, and recovery, respectively. Corresponding values for MSA were 28.4 ± 3.5, 26.7 ± 3.0, and 28.8 ± 30.0 bursts/min, respectively. The muscle contraction elicited by vibration was less than 10% MVC in each subject.
Discussion
The distinctive features of this research were the direct recording of sympathetic nerve activity in humans and experimental interventions designed to separate the influence of muscle afferents and central command during static exercise. The principal new conclusions were 2-fold. First, activation of chemically sensitive muscle afferents during static exercise is a potent stimulus to muscle sympathetic nerve activity in humans. Second, central command causes tachycardia but does not increase, and, instead, appears to inhibit, MSA. These observations emphasize the highly differentiated pattern of autonomic adjustments to various inputs during isometric exercise in humans.
The discussion will analyze (1) the evidence relating to the muscle afferents and central command, (2) comparison of handgrip vs. biceps contraction, (3) a possible role of arterial baroreceptors, (4) limitations of the experimental methods and interpretation, (5) role of heart rate in changes of MSA and (6) physiological significance of the observations.
Muscle Afferents
Several observations prompt the conclusion that activation of chemically sensitive muscle afferents The involuntary contraction increased muscle sympathetic activity (P < 0.05), but not heart rate. In contrast, voluntary contraction increased heart rate (P < 0.05), but decreased muscle sympathetic activity (P < 0.05). during static exercise is a potent stimulus to MSA. The strongest evidence is the finding that forearm ischemia following handgrip is accompanied by a striking increase in MSA. This increase in MSA cannot be explained by inflation of the pneumatic cuff per se, since inflation of the cuff without preceding contraction did not increase MSA. In addition, the increased MSA during muscle ischemia is not explained by pain, since it occurred in many subjects in the absence of pain. The finding that involuntary, evoked contractions also increased MSA provides additional evidence that muscle afferents trigger increases in MSA. It is unlikely that activation of mechanoreceptors contributed to these increases, since stimulation of muscle spindle stretch receptors with muscle vibration did not alter MSA. Thus, increases in MSA with involuntary contraction support an excitatory influence of chemically sensitive muscle afferents on sympathetic nerve activity.
Although our data indicate that the afferent fibers which are responsible for the increased MSA are chemically sensitive, the precise stimulus is unclear. When the forearm was rendered ischemic for 6 minutes without a preceding contraction, MSA did not increase; indeed, it tended to decrease. This failure of MSA to increase during arrested circulation is consistent with previous reports that a 'work factor* is important in activating excitatory muscle afferents (Alam and Smirk, 1937; Rowell et al., 1981) . There are two possible explanations for this observation. One is that the chemical stimulus to the muscle afferents accumulates rapidly during exercise, but not during ischemia without contraction. Another possibility is that chemical activation of afferents requires some element of mechanical stimulation or sensitization to initiate the chemical stimulation. Our data do not distinguish between the two explanations.
Central Command
Our conclusion that central command produces different effects on heart rate and muscle sympathetic activity derives from several observations. One was the temporal dissociation between increases in heart rate and MSA during handgrip. In other words, heart rate increased promptly during handgrip, but MSA did not increase until the 2nd minute of contraction. The chronotropic response to static exercise results primarily from parasympathetic withdrawal (Hollander and Bouman, 1975) . Thus, one explanation for the temporal dissociation of the chronotropic and MSA responses might be a lag in sympathetic responsiveness. This is unlikely, since it is known that MSA can increase within one cardiac cycle following a decrease in arterial pressure (Wallin, 1983) . In addition, we often noted prompt decreases in MSA when muscle ischemia was terminated. This suggests that a lag in MSA responsiveness does not explain the temporal dissociation of increased heart rate and MSA during handgrip. Instead, the dissociation suggests that the two responses are governed by different mechanisms.
Another observation relating to central command was the response to relaxation when forearm ischemia was maintained. During forearm ischemia and relaxation, heart rate returned promptly to control, but MSA remained elevated. Indeed, MSA expressed as bursts/min or total activity tended to be higher during post-handgrip forearm ischemia than during the second minute of handgrip. MSA expressed as bursts/100 heart beats increased significantly (P < 0.05) during the transition from handgrip to post-handgrip muscle ischemia. One explanation for these responses is that central command is causing tachycardia but inhibiting MSA, so that heart rate drops and MSA tends to increase when central command is eliminated during relaxation with main-
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tenance of muscle ischemia. Alternatively, it is possible that the stimulus to chemically sensitive muscle afferents is greater during forearm ischemia than during handgrip. If true, one could not evaluate the influence of central command on MSA by comparing responses during post-handgrip muscle ischemia with responses during handgrip. Because of this caveat, the observation that MSA tends to be higher during muscle ischemia than it is during the last minute of handgrip is consistent with, but does not prove, the concept that central command inhibits MSA. Accordingly, we performed further experiments comparing voluntary vs. involuntary contractions.
We were unable to achieve an electrically evoked handgrip because of the multiple muscle groups involved, but we were able to produce an involuntary biceps flexion at 20% of maximal voluntary contraction by stimulating percutaneously over the biceps. The response to this involuntary contraction was compared with the response to a voluntary contraction of the same force, i.e., 20% MVC. Heart rate increased with voluntary but not involuntary contraction; conversely, MSA increased with involuntary, but not voluntary, contraction. These results support the conclusion that central command causes tachycardia but inhibits MSA during static muscle contraction.
Our interpretation of these experiments assumes that magnitude of stimulation of muscle afferents (somatic pressor reflex) was comparable during the involuntary vs. voluntary contraction. Available evidence indicates that the magnitude of the somatic pressor reflex originating in contracting muscle depends both on the proportion of maximal tension achieved and the bulk of the contracting muscle (McCloskey and Streatfeild, 1975; Freund et al., 1978; Mitchell et al., 1981) . Although the net force (20% MVC) was similar with the involuntary vs. voluntary contraction, the pattern of biceps contraction may have differed with the two maneuvers. For example, the involuntary contraction may have been more uneven with greater tension in superficial fibers and less tension in deep fibers compared to the voluntary biceps contraction. If the proportion of maximal tension is more important than muscle mass in determining the magnitude of a muscle ischemic reflex, then one might argue that the difference in responses to the two types of contraction was related to a 'disproportionate* activation of muscle afferents in superficial fibers with the involuntary contraction. We cannot exclude this possibility, except to state that in each subject we adjusted the position of the stimulating electrodes to obtain a biceps contraction which mimicked as closely as possible the voluntary contraction. Moreover, the subjects tolerated the involuntary contractions without pain or muscle cramps.
It is unlikely that percutaneous electrical stimulation per se, i.e., a noxious stimulus, was the cause of the increased MSA during the electrically evoked contraction. The subjects did not regard the stimulus as noxious. There was no increase in heart rate. Levels of electrical stimulation which failed to elicit contraction did not increase MSA, and in preliminary studies, stimulation over areas which did not evoke muscle contraction did not increase MSA. These observations are consistent with reports that noxious stimuli which increase sympathetic nerve activity to skin do not increase activity to muscle (Janig et al., 1983) .
To summarize the role of central command, three observations are consistent with the view that central command inhibits increases in sympathetic nerve activity to muscle during static exercise in humans. Each observation alone leads itself to an alternative interpretation, but, taken together, these findings suggest that central command does not increase, but instead appears to inhibit MSA during static exercise in humans.
Handgrip vs. Biceps Contraction
It may be noted that MSA increased with voluntary sustained handgrip at 30% MVC, but decreased slightly with voluntary sustained biceps contraction at 20% MVC. What are the reasons for this difference and how does it relate to our conclusions? We suggest that the MSA response to sustained muscular contraction results from the balance between the excitatory influence of chemically sensitive muscle afferents and the inhibitory influence of central command. It is known that muscle ischemia increases with increasing force of contraction between 20% and 30% MVC. Thus, we would suggest that stimulation of muscle afferents was greater during 30% handgrip than with 20% biceps contraction, so that the excitatory influence on MSA prevailed during the 30% handgrip, but the inhibitory influence was dominant during the 20% biceps contraction.
Baroreceptors
Arterial baroreceptors are known to modulate sympathetic vasoconstrictor responses to static muscular contraction (Kumada et al., 1975; Freund et al., 1978; Ludbrook et al., 1978; Abboud et al., 1981; Melcher and Donald, 1981; Walgenbach and Shepherd, 1984) . Could the inhibiton of muscle sympathetic nerve activity which we attribute to central command be caused instead by increases in arterial pressure and stimulation of baroreceptors? Two observations suggest this is improbable. First, the increase in arterial pressure tended to be greater during involuntary than during voluntary biceps contraction; despite this, the increase in MSA was greater during the involuntary contraction (Table 3) . Second, during forearm ischemia post-handgrip, arterial pressure remained elevated, whereas MSA tended to increase (Table 2) . Thus, the inhibition of MSA,
468
which we attribute to central command, probably cannot be explained by baroreceptor stimulation. This is consistent with recent reports that, although baroreceptor buffering remains operative during exercise, it is shifted to a higher operating range (Melcher and Donald, 1981; Walgenbach and Shepherd, 1984) .
Limitations of the Study
There are profound differences in the control of sympathetic nerve activity to various tissues and vascular beds (Abboud and Thames, 1983; Wallin, 1983) . Thus, we obviously cannot extrapolate from our study of muscle sympathetic activity to statements about sympathetic activity to other tissues. In particular, it is possible that central command could activate sympathetic activity to some regions, e.g., skin, kidney, and gut, while inhibiting sympathetic activity to skeletal muscle. It is known that the defense reaction, another pattern of central neural activation, can produce qualitatively different effects on regional sympathetic outflows (Eliasson et al., 1951; Abrahams et al., 1964) .
Another consideration is whether our conclusions based on sympathetic nerve recordings from a nerve fascicle to muscles in the leg are representative of sympathetic nerve activity in muscles of the arm. Sundlof and Wallin (1977) have demonstrated that, in resting subjects, sympathetic neurons in different muscle nerves are subject to a fairly homogeneous central drive, i.e., recordings from one nerve to muscle are representative of recordings from another nerve to muscle in a given subject. Whether this is true during static exercise remains to be tested.
There are hemodynamic observations which suggest that there might be differences in sympathetic nerve responses in the resting arm and leg during sustained handgrip (Eklund et al., 1974; Rusch et al., 1981) . During handgrip, calf vascular resistance rises after a delay of about 1 minute. However, forearm vascular resistance in the contralateral resting arm initially decreases and then returns toward control. These differences in forearm and calf vascular responses are not present when central command is eliminated and the somatic pressor reflex is maintained during ischemia of the exercising arm post-handgrip (Rusch et al., 1981) . Under these conditions, both forearm and calf resistance increase.
These hemodynamic findings suggest that the sympathoexcitatory influence of muscle afferents is comparable in arm and leg, but that the vasodilator influence of central command is greater in the arm. It has been suggested that this vasodilator influence of central command might be cholinergic (Rusch et al., 1981) or /S-adrenergjc (Eklund and Kaijser, 1976) . Our data suggest another possible mechanism, namely, inhibition of sympathetic vasoconstrictor activity.
Circulation Research/Vo/. 57, No. 3, September 1985 Role of Heart Rate in Changes in Muscle Sympathetic Nerve Activity
There was a striking dissociation of changes in heart rate and MSA during the first minute of sustained handgrip and during post-handgrip muscle ischemia. For example, during the first minute of handgrip, MSA expressed as bursts/min or total activity failed to increase, despite an increase in heart rate. In contrast, during post-handgrip muscle ischemia, there was a dramatic increase in MSA compared to control, whereas heart rate had returned to control values. Thus, changes in MSA during the first minute of handgrip and during posthandgrip muscle ischemia are not determined by changes in heart rate. During the second minute of handgrip, there was an increase in both MSA and heart rate, but the increase in MSA was proportionately greater than the increase in heart rate. Thus, the striking feature of our observations was the dissociation of increases in heart rate and MSA. This reemphasizes our view that the two responses are governed by different mechanisms during exercise.
Speculation on Physiological Significance
By constricting vessels in resting muscle and increasing arterial pressure, sympathetic activation should improve perfusion of the contracting muscle. Teleologically, this function would seem best served if the stimulus to sympathetic outflow to muscle is activation of chemically sensitive muscle afferents and not stimulation of mechanoreceptors or central command. For example, if central command were the stimulus to increased muscle sympathetic activation, the increased activity could occur before or in the absence of accumulation of ischemic metabolites in the contracting muscle. Under these conditions, the increased sympathetic activity might constrict vessels and impair perfusion of the exercising muscles. In contrast, if ischemic metabolites trigger the increased muscle sympathetic activity, then the ischemia could inhibit the vasoconstrictor effects of the sympathetic activity in the exercising muscle. The vasoconstriction in resting muscle and the attendant increase in arterial pressure could then promote perfusion of the contracting muscle.
In conclusion, we have employed microneurography to evaluate the mechanisms of muscle sympathetic nerve responses to static handgrip in humans. The results suggest that the autonomic influences of central command and chemically sensitive muscle afferents during muscle exercise are highly differentiated. Central command triggers increases in heart rate but appears to inhibit increases in muscle sympathetic nerve activity, whereas stimulation of chemically sensitive muscle afferents increases sympathetic nerve activity but has little influence on heart rate.
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